Increasing demands on the productivity of complex systems, such as manufacturing machines and their steadily growing technological importance will require the application of new methods in the product development process. A smart machine can make decisions about the process in real-time with plenty of adaptive controls. This paper shows the simulation based mechatronic model of a complex system with a better understanding of the dynamic behavior and interactions of the components. This offers improved possibilities of evaluating and optimizing the dynamic motion performance of the entire automated system in the early stages of the design process. Another effect is the growing influence of interactions between machine components on achievable machine dynamics and precision and quality of components. The examples cited in this paper, demonstrate the distinguishing feature of mechatronic systems through intensive integration. The case studies also show that it will no longer be sufficient to focus solely on the optimization of subsystems. Instead it will be necessary to strive for optimization of the complete system. The interactions between machine components, the influence of the control system and the machining process will have to be considered during the design process and the coordination of feed drives and frame structure components.
Simulation of Complex Structures
Mechatronics is a methodology used for the optimal design of electromechanical products. The term was coined nearly 40 years ago, in 1969, when the engineer Tetsuro Mori combined the words "mechanical" and "electronic" to describe the electronic control systems that Yaskawa Electric Corporation was building for the mechanical factory equipment. Mechatronics is a design philosophy, which is an integrating approach to an engineering design as shown in Figure 1 . The primary factor in mechatronics is the involvement of these areas throughout the design process. Through a mechanism of simulating interdisciplinary ideas and techniques, mechatronics provides ideal conditions to raise the synergy, thereby providing a catalytic effect for the new solutions to technically complex situations. An important characteristic of the mechatronic devices and systems is their built-in intelligence that results through a combination of precision mechanical and electrical engineering and realtime programming integrated to the design process. The synergy can be generated by the right combination of parameters; that is, the final product can be better than just the sum of its parts. Mechatronic products exhibit performance characteristics that were previously difficult to be achieved without the synergistic combination. Recently, some mechatronic applications are presented on micromotion and helicopter and robotic arm in different research articles [1] [2] [3] [4] [5] .
A typical mechatronic design process [6] is shown in Figure 2 . Starting with steps 5 through 9, software tools are available to aid the designer in creating and debugging the mathematical system models. Some tools that are particularly useful allow the designer to represent the system by creating a system block diagram from simple building blocks such as integrators, gain stages, summing junctions, and nonlinear switches. Some examples of these tools are LabVIEW, Simulink/Matlab, Matrix-x, ACSL, SimPACK, Hypersignal, and VisSim. These graphical simulation tools run on generic platforms such as desktop PC compatible Windows operating systems. With any of these tools, the designer can create a plant model and then validate it against real-world measurements (step 5). Once the plant model has been validated, the designer can then design the control system and optimize it until the correct response is achieved (steps 6 and 7). In some cases, completely accurate plant models cannot be made and certain assumptions must be made about that plant model that cannot be validated. In these cases, it is advantageous to be able to test the control system within the plant environment (step 8). This is sometimes referred to as hardware-in-the-loop simulation since some of the actual hardware (mechanical and electrical parts) is used in the system control loop (acting as the plant that is to be controlled). The hardware-in-the-loop simulation testing provides the designer with reassurance that any assumptions made on the plant model were correct. If any assumptions were incorrect, however, the designer has the opportunity to optimize the design (step 9) before committing.
Design of Smart Machine Tools Using Mechatronics
Researchers used mechatronic techniques for different applications. One of the applications is for smart machine tool design [7] . It explains the application of integrated CAx tools for setting up a virtual prototype that will permit evaluation and optimization of the entire machine tool's motion dynamics in early phases of the development process. Due to the development of machine design and drive technology, modern numerically controlled machine tools can be described to an increasing extent as characteristic examples of complex mechatronic systems [8] . A distinguishing feature of mechatronic systems is the achievement of system functionality through intensive integration of electronical and information subfunctions on a mechanical carrier [9] . In another research, tool path interpolation of the NC motion control is of great importance for the obtainable motion dynamics and the resulting contouring error, especially for highly dynamic machine movements. The contouring error consists of the tracking error of the feed axes and of the deflections of the TCP caused by the physical effects of the flexible machine structure. In order to reduce the contouring error, modern NC controllers make use of two major technological approaches [10] . Optical technology has been incorporated into mechatronic systems at an accelerated rate, and as a result, a great number of machines/systems with smart optical components have been presented which introduces the fundamental concept, definition, and characteristics of the technology by analyzing the characteristics of a variety of practical optomechatronic systems [11] . Optical elements have been increasingly incorporated at an accelerated rate into mechatronic systems, and vice versa [12] [13] [14] [15] [16] [17] [18] [19] .
Optomechatronics has its roots in technological developments of mechatronics and optoelectronics. Figure 3 shows the chronology of those developments [20] . In the 1960s, the electronic revolution came with the integration of transistor and other semiconductor devices into monolithic circuits, and, in 1971, the semiconductor fabrication technology brought about a tremendous impact on a broad spectrum of technological fields. In the 1980s, the semiconductor technology also created microelectromechanical systems (MEMS), and this brought about a new dimension of machines/systems, microsizing their dimension.
The major functions and roles of mechatronic elements in optomechatronic systems can be categorized into the following five technological domains [21] : sensing, actuation, information feedback, motion/state control, and embedded intelligence with microprocessor.
In the last few years the Virtual Design of machine tools has been extensively studied in several manufacturing automation and production engineering laboratories of universities and research institutes. This new technology is mainly studied and applied to machining centers (MCs) for high speed milling (HSM), the manufacturing of complex dies, moulds and aerospace parts currently being a strategic sector of production engineering. Almost a hundred relevant papers [7, [22] [23] [24] [25] have recently been published on these topics in leading engineering journals and presented at several technical conferences; this confirms the significant interest, both industrial and academic, in virtual design.
For CNC manufacturers and MC users, however, the full exploitation of virtual machine tool technology still requires [22] fundamental developments mainly in the areas of cutting process simulation and full integration of all analysis modules in a user-friendly environment. The integration of the two models in one simulation environment is now possible, making it possible to study the interactions between the dynamics of these active and passive mechanical structures [22, 26] . The optimization of their performances is a basic prerequisite for ensuring productivity at shop floor level: fast machining times, the required dimensional accuracy, and good surface quality of the workpieces. Gurbuz [27] presented the mechatronic approach for desktop CNC milling machine design.
Siemens introduced mechatronics concept designer with a new integrated machine design solution that develops and markets machine tools and production machines [28] . The mechatronics concept designer represents a paradigm shift for the industry with a new system engineering approach to machine design that captures "voice of the customer" input, manages early requirements, and facilitates the simultaneous definition and simulation of the complex mechanical, electrical, and automation software found in today's increasingly complex machine tools. With an easy-to-use, interactive simulation capability based on groundbreaking "gaming" technology, the mechatronics concept designer can help significantly reduce development time and improve product quality for the global machine design industry.
Integrated Design Issues in Mechatronics
The integration within a mechatronic system can be performed through the combination of hardware (components) and software (information processing). Hardware integration results from designing the mechatronic system as an overall system and bringing together the sensors, actuators, and microcomputers into the mechanical system. Software integration is primarily based on advanced control functions. Figure 4 illustrates how the hardware and software integration takes place. It also shows how an additional contribution of the process knowledge and information processing is involved beside the feedback process. A mechatronic product can achieve impressive results if it is effectively integrated with the concurrent engineering management strategy. The benefits that accrue are greater productivity, higher quality, production reliability by the incorporation of intelligent, and self-correcting sensory and feedback system. The basic approach involves accurate computer-based dynamic models from illustrations and other information using the analogy approach. This unique method combines the standard analogy approach to modeling, with block diagrams, the major difference being the ability to incorporate nonlinearities directly into the system without linearization. Control system design methods are available with several design procedures for common control structures including PID, Lag, Lead, Rate Feedback, and pure gain. Signal processing and data interpretation are also handled using the visual programming approach. The hardware-in-the-loop simulation testing provides the designer with reassurance that any assumptions made on the plant model were correct. If any assumptions were incorrect, however, the designer does have the opportunity to optimize the design before committing to the real target hardware platform.
There are two main methods currently used to accomplish the hardware-in-the-loop simulation testing. One utilizes the desktop/workstation graphical user interface (GUI) coupled with standard data acquisition and control (DAC) interface circuit boards. One major drawback that simulation software and other PC based simulation systems suffer from is the inability to work in systems where loop responses need to be fast. Therefore once the control algorithms are designed and debugged, the algorithms must then be reimplemented, retested, and debugged on an embedded platform. The second method for hardware-in-the-loop testing involves crosscompiling the control algorithm to target an embedded realtime processor platform. The embedded processor platform is often a digital signal processor (DSP), with I/O that is tailored for embedded system products. Embedded processor platforms are designed for reduced cost and increased speed, and as such they generally do not have video displays nor standard desktop inputs such as full function keyboards and mouse interfaces. Figure 5 shows a typical setup for a DSPbased hardware-in-the-loop testing.
The main elements of mechatronic approach are as follows (i) Demonstration of a language-neutral approach to code system development. This is done using visual simulation.
(ii) Use of system dynamics and computer simulation in the system development.
(iii) Building of the smart sensor. (Examples are DSPbased velocity probes and accelerometers.)
Open Architecture with Mechatronic Models: Speed and
Complexity [29] . Mechatronics plays the role irrespective of the possibility of single or multiple microcontrollers handling machine tools or an automobile assembly line of multiple robots. Simulating such complex systems allows designers to develop system without finalizing the hardware. The simulation procedure can be as "what if " scenario when the hardware does not exist. There are two critical issues to consider: speed and complexity. Larger systems involve more detailed simulation and specific system requirements. Tradeoffs between simulation speed and the level of accuracy are necessary because of system resources available. The simulation becomes faster with faster processors, but the use of multicore systems helps simulation. This is because the systems being simulated are distributed as well. Figure 6 shows an example of Stewart platform which is used in production lines and in many other industrial applications.
The Stewart platform is a kind of parallel manipulator using an octahedral assembly of struts. A Stewart platform has six degrees of freedom (x, y, z, pitch, roll, and yaw). In this case, there are effectively two models: the simulated physical model and the application model. The physical model accounts for the physics-based simulated environment. The application model interacts with this environment to simulate the real-word application. Simulink and Matlab are used as model-based development tools, so the application is a model. The basic design represented in the physical world by computer-aided design and manufacturing tools (such as CATIA, Autodesk, and SolidWorks) has advanced simulation tools, although they are oriented toward physical construction rather than process control integration [29] . The simulation platform can examine stress under a dynamic loading condition. It also addresses nonlinear analysis like deflection and impact with flexible materials such as foam, rubber, and plastic. In many cases, simulation and analysis of physical entities is useful in a design that does not include a computer-based controller. The contribution by National Instruments facilitates a major integration which facilitates the design engineers to bring in mechanical elements such as gears, cams, and actuators, while the programmers concentrate on the feedback and control algorithms that will handle the motors and actuators in the system. By linking various objects together we enable the models to interact. The provision of rendering permit the visualization of the models is in action. When creating large models, the modeling environment can demand significant amounts of computing power. The creation of large models can be a challenge to computing. At this stage, open architecture hosts can make a significant difference. [30] . Several CAD and model-based design systems employ interface software that takes advantage of multiple cores. New efforts are under way to develop and link several cores. Exploiting a large number of cores and clustered systems had been a challenge in advanced software architectures. The major challenge is communication between cores. The basic requirement of mechatronic simulation is the time synchronization between various objects in a distributed environment. Simulation in a multiple core environment is again a challenge when the shared memory cannot handle the synchronization. Typically there is an amount of limitation in the physical space. A robotic line-assembly simulation can perform well within its region, but will have a limited capability if it has to interact with other cells. Graphical model-based programming can assist in linking multiple cells (Figure 7 ).
Multicore Speed Simulation

Interactive Modeling.
The key aspect of the graphical environments is that the visual representation of system partitioning and interaction lends itself to mechatronic applications. They also reduce system complexity from a developer's standpoint, allowing concentration on the application details. For example, the simulation tool such as Simscape is used as a declarative language that defines implicit relationships between components versus the explicit programming specifications for languages like C and C++ as well as graphical dataflow languages such as LabVIEW. Simscape targets cosimulation where programming and CAD 6 Journal of Robotics
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Figure 7: Assembly line design using "Cad" models [30] .
intersect. This multidomain tool ties together the electronics, mechanical drive elements, mechanics, and hydraulics tools. For example, Stewart platform simulation discussed earlier can incorporate electrical, hydraulic, mechanical, and signal flow support in addition to software control of the system.
By reducing the amount of expertise required for developing mechatronic applications, developers can spend time and effort on other areas where they do have expertise. Likewise, having a model environment permits a better exchange of ideas and products. The difference these days is that the details within the models being exchanged as objects within a mechatronic application become more advanced. What used to be just dimensions is now something that can be used within a complete simulation with programmable feedback and even application interfaces when a model includes application code. The interactive modeling is crucial to the design process, and it can occur in a mixed environment where real and virtual objects are combined. A real robotic arm may be coupled with a virtual assembly line, for example, if the current task is to determine if the hand on the robotic arm can reorient an object. The robotic arm might be involved in laser welding of end plates. The key is getting the virtual objects and their control counterparts to interact with the real objects with a code that is running on remote devices. The electromechanical control systems once designed for the factory floor have become ubiquitous. For example, a designer may answer a problem of vibration by adding a stiffener. In an integrated mechatronic process, however, that small mechanical change may increase the mass of the part; it also may affect how fast the control system ramps up motor speed and how long the part holds in place before returning. Figure 8 shows how a design verifier can assess whether an object is used correctly within the system. In this instance, the simulation verified the correct torque load under variable loading conditions. IN the availability of design verifier, assertion blocks are able to be included within a model so the system can determine whether an object's use within a system is correct.
Many top mechatronic performers also use software that routes, tracks, and shares work. Most common are workflow tools, which automatically route work packages, warn about deadlines, and notify the right people of changes. Many companies make use of product data management tools to manage multidisciplinary bills of materials. Concurrent design is accomplished functionally using mechatronic approach. For example, engineers make assumptions about efficiency or how fast they can remove heat using certain construction techniques. Prototyping determines whether they hit their mark.
Right for the First Time: Virtual Machine Prototyping.
The hardware in the loop facilitates the replacement of conventional mechanical motion control devices with digital devices. Mechanical systems are increasingly controlled by sophisticated electric motor drives that get their digital intelligence from software running on an embedded processor. Getting electromechanical designs right requires multidisciplinary teamwork and superb communication among team members. A decision like choosing the characteristics of a lead screw actuator has a ripple effect throughout the design and can impact the performance of other systems. To help facilitate a more integrated design process, we need to add motion simulation capabilities to CAD environments to create a more unified mechatronics workflow. Integrating motion simulation with CAD simplifies design because the simulation uses information that already exists in the CAD model, such as assembly mates, couplings, and material mass properties. Adding a high-level function block language for programming the motion profiles provides easier access to control those assemblies. This concept is known as "virtual machine prototyping" [31] . It brings together motion control software and simulation tools to create a virtual model of an electromechanical machine in operation. Virtual prototyping helps designers reduce risk by locating systemlevel problems, finding interdependencies, and evaluating performance tradeoffs. This is demonstrated in Figure 9 which shows the motion analysis for the green highlighted elements.
Evaluating Trade off.
Simulations enable everyone to work on development before the first prototype is completed. Engineers can use force and torque data from simulations for stress and strain analysis to validate whether mechanical components are stiff enough to handle the load during operation. They also can validate the entire operating cycle for the machine by driving the simulation with control system logic and timing. They can calculate a realistic estimate for cycle time performance, which is typically the top performance indicator for a machine design and compare force and torque data with the realistic limitations of transmission components and motors. This information can help identify flaws and drive design iterations from within the CAD environment. Simulations also simplify evaluating engineering tradeoffs between different conceptual designs. For example, would a SCARA robot be preferable to the 4-axis Cartesian gantry system? Simulations are faster and can be rerun whenever you make design changes. Consider an analysis of the torque load for the bottom lead screw actuator. If you violate the limits specified by the manufacturer, the mechanical transmission parts may not last for their rated life cycles. Using simulation software, you can find the mass of all the components mounted on the lead screw and determine the resulting center of mass by creating a reference coordinate system located at the center of the lead screw table and calculating the mass properties with respect to that coordinate system. With this information, you can calculate the static torque on the lead screw due to gravity caused by the overhanging load. Evaluating the dynamic torque induced by the motion is important because it tends to be much larger than the static torque load. Realistic motion profiles will help us to simulate inverse vehicle dynamics. This can provide more accurate torque and velocity requirements based on the motion profiles and the mass, friction, and gear ratio properties of the transmission.
Mechatronically Designed Ambulatory Rehabilitation
Walker. The rehabilitation walker device designed and implemented by the authors in collaboration with a hospital is shown in Figure 10 . This is an apparatus developed with the intent of aiding in the rehabilitation of hospital patients learning to walk again. This apparatus and control system are of industrial quality and would be reproducible in its entirety using off-the-shelf parts. The idea behind the rehabilitation walker is that it will relieve a certain percentage of body weight by carrying the patient in a harness which is attached to a hoist. The hoist is actively controlled using feedback from strain gauge sensors. As the patient walks around within the confines of the room-sized gantry, the hoist will follow the patient around. The overhead gantry is motorized in the X and Y directions. The closed loop motor control reacts to the feedback from multiaxis tilt sensors on the hoist line. If ever the patient were to fall, the hoist system would react and remove the full load of the patient's weight. The base of the control system consists of a National Instruments Compact RIO (reconfigurable input output) Programmable Automation Controller. The cRIO system is based on an FPGA backplane and a real-time controller. The backplane accepts modules which perform various I/O functions. The modules are chosen to interact with the rehabilitation walker sensors as well as handle the motor drive output signals. The motors are driven by industrial amplifiers, while position is tracked via quadrature encoder feedback. All programming of the system is done in LabVIEW (Figure 11 ).
Evidence-Based Diagnostics.
In healthcare field, Internetbased systems are available to help doctors identify possible causes for patient symptoms. One such statistical diagnostic assistant, called "Isabel," was developed by a father who sought to change the diagnostic system that affected the way his daughter (Isabel) was treated. This system is basically an intuitive system that takes advantage of all previous diagnoses and provides the statistically most likely disease (fault) and treatment (repair). The application of the condition-based maintenance information system is available in army and military applications. The system has the ability to integrate information from on-board sensors and diagnostic equipment to develop fleet wide logistic and situational awareness, implementing condition-based maintenance service that will enhance the operation and effectiveness of the tactical and combat vehicles. Figure 11 : The Y-axis control loop system for the rehabilitation device "Navigator".
Smart Machining Platform.
The defense and aerospace industries are facing the challenges of quality and manufacturing efficiency. The US Army has sponsored a program called SMPI, which is organized into three modules. The first module consists of development of smart test bed for the integration, validation, and demonstration of SMPI technology areas. The second module deals with extension of test bed to find synergy between two or more thrust areas. The third module deals with integration of various thrust areas into a complete smart machine capable of making the first part correctly.
E-Manufacturing.
E-manufacturing is a system methodology that enables the manufacturing operations to successfully integrate with the functional objectives of an enterprise through the use of Internet, tether-free (i.e., wireless, web, etc.), and predictive technologies [32, 33] . E-manufacturing includes the ability to monitor the plant floor assets, predict the variation and performance loss to dynamically reschedule production and maintenance operations, and synchronize related and consequent actions to achieve a complete integration between manufacturing systems and upper-level enterprise applications. The Rockwell automation report outlines a statement of competencies that are required of world class companies. These are design, operate, maintain, and synchronize. E-manufacturing should include intelligent maintenance and performance assessment systems to provide reliability, dependability, and minimum downtime with equipment running smoothly at their highest performance.
Conclusions
Increasing demands on the productivity of machine tools and their growing technological complexity call for improved methods in future product development processes. This paper examines the application of integrated tools for setting up a virtual prototype at early phases of the development process. Starting with mechatronics design process, the paper looks at open architecture issues, interactive modeling, and virtual prototyping. Mechatronics is also influenced by intelligent devices for the online and realtime monitoring which includes diagnosis and control of processes. Recent advances of mechatronics in smart manufacturing and modifications and improvements to conventional designs by using a mechatronics approach are discussed.
Products will continue to move toward greater complexity and an increasing integration of mechanical and electronic functions, including the growing trend toward ubiquitous computing and embedded systems. The way in which companies design and manufacture products has evolved rapidly with the emergence of global supply chains. Increasingly, components and subsystems will be sourced from worldwide suppliers and will need to come together seamlessly in subassembly and final assembly operations. There will be many more challenges as manufacturing locations are added and eliminated to meet contract demands and hold down import duties on new global contracts. Also, suppliers and components will be increasingly rotated in and out of a design to meet the challenges of global supply chains and cost reduction pressures. Manufacturing will be far more fluid and will need to adjust rapidly to new locations, component suppliers, and design changes. For all of these reasons, advanced mechatronic tools will be required to assure high-quality manufacturing from the design for manufacture to the continuous monitoring and modification of the production processes. They will be essential for both high quality and profitability.
